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MARGARET G. BOWLES.

Regulation of Expression of T4 Genes 45,

44, and 62.

(Under the direction of JIM KARAM.)

The functions of T4 genes 45, 44, and 62 are required
for phage DNA replication.

Some eV'idence suggests that in

T4-infected E. coli these genes are cotranscribed in the 45
to 44 to 62 direction.

In this study regulation of expression

of genes 45, 44, and 62 has been examined by using SDSpolyacrylamide gel electrophoretic assays to analyze the
protein products synthesized in T4-infected E. coli at
various times after infection under different conditions.
Genes 45, 44, and 62 were shown to be cotranscribed by the
criterion of translational polarity, but the degree of
polarity shown by gene 44 nonsense mutations on gene 62
expression was much greater than that shown by a gene 45 nonsense mutation on expression of genes 44 and 62.

This

difference suggests that genes 45, 44, and 62 may be transcribed in two modes:

one mode being initiated at the

promotor for gene 45 and a second mode being initiated at a
gene 44 promotor.

Additionally, characterization of a phage

mutation that results in hyperproduction of the 44- and
62-proteins without affecting the lev'el of synthesis of the
gene 45 protein supported this hypothesis.

The mutation

(named H6) mapped between markers in genes 45 and 44, was
cis-dominant, did not affect stability of mRNA for gene 44,
and did not affect the temporal order of T4 gene expression
except that it appeared to cause continued expression of
genes

1-}4

and 62 throughout the phage growth cycle.

H6 might

represent (1) mutation OI a naturally-occurring promotor to
increased eIIiciency or (2) mutational creation OI a secondary
promotor Ior genes 44 and 62.
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INTRODUCTION
Bacteriophage T4 is a virulent phage that grows in
Escherichia coli.
stages:

The T4 life cycle consists of sev'eral

adsorption, injection of v'iral DNA into the host,

transcription and translation of the DNA, replication of the
DNA, synthesis and assembly of the phage structural components
to form phage particles, and cell lysis which releases
assembled progeny phage (Mathews, 1971).

T4 adsorbs to

specific receptors on the host cell surface v'ia its tail
fibers.

Its DNA is injected through the bacterial cell wall

(Hershey and Chase, 1952) apparently by a process inv'ol v'ing
contraction, of the tail (Yamamoto and Uchida, 1975).

The

transcription of host genes stops soon after infection.

The

mechanism by which this shut-off is accomplished is not known
but may inv'olv'e :

(1) phage-induced alterations of the host

RNA polymerase that occur before phage transcription begins
(Schachner, Seifert, and Zillig, 1971; Seifert et al., 1969),
(2) chemical modification of RNA polymerase when it becomes
associated with early phage protein biosynthesis (Ennis and
Cohen, 1968; Ennis, 1970; Schachner and Zillig, 1971), and
possibly (3) specific modifications of the host DNA (Cohen,
1948; Nomura et al., 1962).

Modifications of pre-existing

host RNA polymerase are also associated with transcription of
the injected phage DNA (Trav'ers, 1970).

Transcription of

2

phage genes proceeds in an orderly manner with different
classes of genes being expressed at different times during
the T4 life cycle.

This results, for example, in the

synthesis of the replication proteins early in infection
while structural proteins are synthesized late in infection.

o •Farrell and Gold (197)a) hav'e suggested that this temporal
gene expression may result from successi v'e RNA polymerase
modifications that confer altered initiation capacities on
the modified enzyme at different times post-infection.
The sequence of events in phage gene expression has
been studied by several approaches:

(1) In genetic studies

phage mutants hav'e been classified according to their
phenotypic expression and map location.

(2) In RNA-DNA

hybridization studies mRNA species hav'e been classified
according to their time of appearance after infection.
()) In studies involving polyacrylamide gel electrophoretic
assays phage-specific proteins that are synthesized at
different times after infection have been identified.
Early genetic studies classified phage functions
simply as prereplicati v'e or postreplicati v'e based on the
phenotype observ'ed for large numbers of conditional lethal
mutants (Epstein et al., 196)).

Prereplicati v'e functions

consist for the most part of enzymes that are synthesized
prior to the onset of DNA replication.

Postreplicativ'e

functions, which are expressed after DNA replication is
initiated, consist mainly of structural proteins of the phage
particle and the enzymes that are required for phage assembly.

3
Many postreplicativ'e functions could be further classified
according to the phage component that was absent in response
to a defect in a specific structural gene, e.g., head, tail
fibers, etc.

The enzymatic functions of both prereplicativ'e

and postreplicativ'e genes hav'e been difficult to determine.
For example , Table 1 lists nineteen prereplica ti v'e phage
genes that are now known to play roles in DNA metabolism.
The enzymatic functions are known for only six of the nineteen genes listed.

One of the prereplicativ'e gene products

listed, 32-protein,

lS

not an enzyme but is required

stoichiometrically for unwinding double-stranded DNA during
the replication process (Alberts and Frey, 1970).
Genetic mapping studies showed that the prereplicativ'e
and postreplicati v'e genes occupied separate and, for the most
part, nonov'erlapping regions of the T4 genetic map.
genetic map of T4 is shown in Figure 1.

A

Genes hav'ing

similar functions often occurred in clusters, suggesting the
possible existence of operons as has been found in bacteria.
Although certain experiments (Stahl et al., 1970; Hercules
and Sauerbier, 1973) suggest that some gene clusters are
cotranscribed, no specific genetic regulatory elements hav'e
been identified for T4.

Mutations that affect all the genes

of an operon are known to exist in E. coli, e.g., the lactose
operon (Jacob and Monod, 1961) and In bacteriophage A
(Roberts, 1969; Herskowitz and Signer, 1970).

TABLE 1
PROTEIN PRODUCTS OF T4 PREREPLICATIVE GENES

Phage Gene
and
Phenotype When Defecti v'e

Protein Product

Relevant Reference

No DNA Synthesis (DO)a
deoxymononucleotide kinase

Duckworth and Bessman, 1967

32

32-protein--"unwinding protein"

Alberts and Frey, 1970;
Sinha and Snustad, 1971

41

partially · characterized b

Alberts et al., 1975

42

dCMP hydroxymethylase

Wiberg and Buchanan, 1964;
Wiberg et al., 1962; Dirksen,
Hutson and Buchanan, 1963

43

DNA polymerase

DeWaard, Paul and Lehman, 1965;
Warner and Barnes, 1966a

44

Barry and Alberts, 1972

45

partially characterized c
partially characterized c

56

dCTP, dUTP, dCDP, dUDP

nucleotidohydr~la~e

Warner and Barnes, 1966b;
Price and Warner, 1968;
Munro and Wiberg, 1968

partially characterized c

Barry and Alberts, 1972

1

62

Barry et al., 1973

+=-

TABLE 1--Continued

Phage Gene
and
Phenotype When Defecti v'e

Protein Product

Relevant Reference

DNA Synthesis Arrested (DA)
DNA ligase

Fareed and Richardson, 1967

has not been isolated d

Wiberg, 1966; Kutter and
Wiberg, 1968

has not been isolated

Warner and Hobbs, 1967

39

has not been isolated

Yegian et al., 1971

52

has not been isolated

Yegian et al., 1971

60

has not been isolated

Yegian et al., 1971

has not been isolated

Yegian et al., 1971

30
46, 47
59
DNA Synthesis Delayed (DD)

58=61

\J1.

TABLE 1--Cont'inued

Phage Gene
and
Phenotype When Defecti v'e

Protein Product

Relev'a nt Reference

33

partially characterized e

Horv'i tz, 1975; Stev'e ns, 1972

55

partially characterized f

Horv'i tz, 1975; Stev'e ns, 1972

Maturation Deficient (MD)

aClassifications are according to Wood (1974). Mutants in genes 32, 41, 56, 62, and
30 hav'e also been classified by Warner and Hobbs (1967) as synthesizing a small amount of
DNA (DS).
b M W approximately 58,000.
cSome known characteristics are listed on pages 17 and 18.
dMutants in ' genes 46 and 47 fail to break down host DNA normally.
e33-protein was isolated associated with RNA polymerase; M W 12,000.
f55-protein was isolated associated with RNA polymerase; M W 22,000.

~
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Figure 1.

Genetic Nlap of

\

SOURCE:

Wood, 1974.

TL~
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RNA-DNA hybridization competition studies using whole
denatured T4 DNA (Bolle et al., 1 968a) classified phage mRNA
as early and late; early mRNA species were most abundant a t
fiv'e minutes after ' infection, and late species were most
abundant twenty minutes aft er infection.

After techniques

for separation of the two DNA strands in CsCl were devBloped
(Guha and Szybalski, 1 968), mRNA was further classified
according to t he following criteria:

( 1 ) t he strand of DNA

to which it could hybridize, (2) its time of appearance aft e r
infection, (3) its requirement for protein synthesis, (4) its
requirement for DNA synthesis, and (5) if its appearance
required the functions of phage genes

33 and 55.

Three

general classes emerged, based on the patterns of RNA
accumulation:

true-early, quasi-late, and true-late (Guha

et al., 1 971; Salser, Bolle, and Epstein, 1 970).
The characteristics of the classes of prereplicativB
gene functions are summarized in Table 2.

The true-early

mRNA, which hybridized predominantly to the "1" strand of
DNA, appeared soon after infection, reached maximum amounts
by fi v'e minutes after infection, then decreased in abundance.
Quasi-late mRNA was present at fiv'e minutes after infection
and increased sev'eral-fold by twenty minutes after infection.
Quasi-late mRNA hybridized mainly to the "1" strand of DNA
and was not synthesized when protein synthesis was inhibited
with chloramphenicol.

~rue-late

mRNA species could not be

detected earlier than fiv'e minutes after infection but
increased in abundance by 100-200 fold between fiv'e and

TABLE 2
CLASSES OF mRNA SYNTHESIZED IN T4-INFECTED E. COLI

Approximate
Time of Peak
Synthesis (IVIin)

Class

DNA
Strand

Requirement
for Protein
Synthesis

True-early a A
B
C

before 1.25
1.25-2.50
2.5-3.75

1

+
+

Quasi-late

5-20

l(mostly)

+

True-late

ca 10-lysis

h

SOURCES:

Requirement for DNA
Synthesis and Genes
33 and 55

lb
1

b

+

+

Bolle et al., 1970; Guha et al., 1971.

aTrue-early species hav'e also been subclassified as immediate-early (synthesized in
the absence of protein synthesis) and delayed-early (early s .p .e cies requiring protein
synthesis).
b"l" and "h" refer to "light" and "heav'y" strands of T4 DNA, respectiv'ely.

\..0

10
twenty minutes after infection.

True-late mRNA was tran-

scribed predominantly from the "h" strand of T4 DNA.

Its

synthesis was blocked (1) by chloramphenicol, (2) in mutants
that do not synthesize DNA (DO), and
defectiv'e in genes 33 and 55.

(3) in mutants that are

The mRNA that displayed true-

(1970)

early behav'ior was further classified by Salser et ale
according to its time of appearance after infection.

They

identified three classes of true-early mRNA--A, B, and C-which could be distinguished from both quasi-late and
true-late mRNA.

Only class A was synthesized in the presence

of chloramphenicol.
Recently, indirect approaches hav'e been used to
correlate the appearance of mRNA with the expression of
specific genes (Lev'inthal, Hosoda, and Shub, 1967; O'Farrell,
Gold, and Huang, 1973).

I ,n these approaches, mRNA was

permitted to synthesize protein, and the protein was detected
by polyacrylamide gel electrophoretic assays.

Because T4

shuts off all host macromolecular synthesis almost immediately
after infection (Volkin and Astrachan, 1956; Brenner, Jacob,
and Meselson, 1961; Cohen and Anderson, 1946), it is possible
to use radioisotopes to label specifically phage proteins as
they are being synthesized without introducing radioactiv'e
label into host proteins.

After a desired period of radio-

activ'e labeling, extracts 0f infected cells can be prepared
and subjected to electrophoresis on slab gels of polyacrylamide in the presence of sodium dodecyl sulfate (SDS).
The gels can then be fixed, stained, destained and dried to

11
thin films that can be used for autoradiography.

O'Farrell

and Gold (1973a and b) used such an approach in experiments
that also utilized the drug rifampin, an inhibitor of the
initiation of transcription In E. coli and T4-infected
E. coli (diMauro et al., 1969) to classify phage genes

according to -their time of expression after infection.

When

rifampin was added to a culture of T4-infected E. coli at
one minute after infection, certain proteins were synthesized
normally indicating that transcription had already been
initiated at the time of addition of the drug.

The genes

corresponding to these proteins were called immediate-early
and delayed-early genes depending on whether they were
proximal or distal to proposed immediate-early RNA polymerase
initiation sites (promotors).

That is, the distance between

an immediate-early promotor and a gi v'en gene was related to
the time of appearance of the gene product which in turn
determined the classification of the gene as immediate-early
or delayed-early.

A second group of proteins was synthesized

In greatly decreased amounts compared to a control not
treated with rifampin, suggesting that the promotors for the
corresponding genes had not been recognized by the time of
addition of the drug.

This group of promotors and the genes

under their control were giv'en the name quasi-late.

Both

immediate-early and delayed-early genes may be controlled by
quasi-late promotors in addition to initial control by
immediate-early promotors.

Figure 2 is a schematic

representation of the immediate-early and quasi-late modes of

12
Figure 2. Modes of Tra nscription for Some Prereplicativ'e Genes

47

Clgt

55

42

pgt

41

32

SOURCES: O'Farrell and Gold (197Ja) and Hercules
and Sauerbier (1974).
-------~>

Immediate-early and Delayed-early

----------~

Quasi-late
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transcription for sev'e ral prereplicative genes and Table 3
below lists the prereplicativ'e genes for which modes of
transcription have been determined or proposed.
TABLE 3
TRANSCRIPTION MODES FOR SOME T4 GENES

Gene

Type of Expression

30

IE

39

IE

rIIA

IE

IPIlI

IE

QL

43

DE

QL

rIIB

DE

QL

32

QL

45

QL

46

QL

SOURCES: O'Farrell and Gold
(1973a) and Hercules and Sauerbier
( 1974) .
IE - immediate-early (proximal
to an immediate-early promotor), DE delayed-early (distal to an immediatefarly promotor), QL - quasi-late
controlled by a quasi-late promotor).
The isolation of mutants that affect the appearance
of quasi-late and late proteins supports the idea that
successl v'e alterations of the RNA polymerase may result In
changes in its promotor specificity throughout the T4 life

14
cycle.

Mattson, Richardson, and Goodwin

(1974) and Johnson

and Hall (1974) hav'e isolated mutants that show a similar
pattern of protein synthesis as T4-infected E. coli to which
rifampin was added at one minute after infection.

These

mutants were shown to be defecti v'e in production of a
diffusible gene product inv'olv'ed in initiation of

~si-late

protein synthesis, i. e., they were trans-recessi v'e (Hercules
and Sauerbier, 1974).

Similarly, the protein products of

genes 33, 55, and 45 appear to hav'e special roles in late
transcription.

Mutations in each of these genes result in

defecti v'e late protein synthesis; the gene product of each
has been found associated with RNA polymerase (Bolle et al.,
1968; Guha et al., 1971; Horv'i tz, 1973; Ratner, 1974a and b;
Stev'ens, 1972).

Mutants defecti v'e in genes 33 and 55

replicate their DNA ("competent" or newly replicated DNA is
required for normal lev'els of late transcription [ Riv'a ,
Cascino, and Geiduschek, 1970aJ ), but they do not synthesize
late mRNA or protein.

The association of the 33- and 55-

proteins with RNA polymerase may confer on it the capacity
to recognize promotors for late genes.

Likewise, a similar

association may occur with the 45-protein.

Mutants defectiv'e

in gene 45 fail to replicate their DNA (DO), itself a prerequisite for late transcription.

Howev'er, Mathews (1968 and

1972) observ'ed the following differences between 45- mutants
and mutants in other DO genes:

(1) late transcription is

more sev'erely depressed and (2) ribonucleotide pools expand
to a greater extent with 45- mutants than with other DO
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mutants.

Recently, Wu and Geiduschek (1975a and b) hav'e

demonstrated that mutations in DO genes, except ones in gene
45, display some multiplicity-dependent late RNA synthesis.
By using the conditions of Riv'a et ale (1970b) for uncoupling
late transcription from DNA replication, they showed that
45-gene function was a necessary component of late transcription.
Further eV'idence to support the idea that T4 proteins
interact with host RNA polymerase to alter the specificity
of the enzyme was reported recently by Coppo et al., (1975a
and b).

They isolated host E. coli RNA polymerase mutants on

which T4 wild-type grew normally whereas temperature-sensitiv'e
mutants of T4 genes 45 and 55, grown at permissiv'e temperature,
showed defectiv'e late protein synthesis.

Temperature-

sensi ti v'e mutants synthesize an altered protein that is
temperature labile.

Apparently, the defecti v'e E. coli and T4

proteins are unable to interact to form an activ'e complex
although both form activ'e complexes when associated with a
normal polypeptide from a wild-type phage or bacterium.
Interestingly, the ts45 mutant synthesized DNA normally In the
mutated E. coli host.

Only late protein synthesis was

defectiv'e suggesting a dual role for 45-protein in replication and transcription.
The present study

lS

concerned specifically with the

expression of the 45-44-62 gene cluster of T4 and addresses
itself to the questions of (1) cotranscription of these three
genes and (2) the possibility that two modes of transcription
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exist for genes within the cluster.

GENERAL BACKGROUND AND SPECIFIC AIMS
The protein products of bacteriophage T4 genes 45,
44, and 62 are essential for phage DNA replication in
infected E. coli.

The 45-protein may also playa role In

late transcription as has already been discussed (pp. 14-15).
These three genes are expressed early in infection and it is
thought that they may be transcribed as a polycistronic mRNA,
possibly from a quasi-late promotor site that is located to
the clockwise side of gene 45 (Hercules and Sauerbier, 1973).
The products of genes 45, 44, and 62 hav'e all been
isolated.

Their molecular weights are:

daltons, 44-protein:

45-protein:

27,000

34,000 daltons, and 62-protein:

daltons (Barry and Alberts, 1972; Barry

20,000

et al., 1973).

These

inv'estigators dev'ised an in v'i tro system for measuring DNA
synthesis which consisted of an extract of phage-infected
E. coli hav'ing all of the components required for DNA
synthesis except the one (or combination) being assayed.

For

maximal synthesis, approaching in v'iv'o rates, all three of
these proteins plus the protein products of genes 43 (DNA
polymerase), 32 (unwinding protein) and 41 (unknown) were
required.

The 44- and 62-proteins were isolated as a tight

complex of 180,000 daltons molecular weight consisting of
four moles of 44-protein and two moles of 62-protein.
complex had a DNA-dependent ATPase acti v'i ty and could

The
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stimulate DNA synthesis In extracts deficient In either 44protein or 62-protein.

Howev'er its separated subunits could

not be made to reassociate to giv'e significant stimulation of
DNA synthesis in an extract deficient in either protein .
Addition of the 45-protein along with the 44-62-complex
further stimulated DNA synthesis in v'i tro by increasing the
"sticking distance" of DNA polymerase.

The 45-protein lS

synthesized in larger quantity than are either the 44- or
62-proteins (Barry et al., 1973) .

The reason for this lS not

clear; perhaps larger amounts of 45-protein are required to
support a dual role in transcription and replication .
Differential synthesis would, howev'er, be consistent with the
existence of either a 45-44-62 polycistronic mRNA molecule or
separate , monocistronic mRNA molecules for genes 45, 44, and
62.

The amount of protein translated seems to be related to

efficiency of ribosomal initiation as well as the number of
mRNA molecules available for translation.

In the lactose

operon of E. coli, for example, proteins are not translated In
equimolar amounts from the polycistronic mRNA (Zabin, 1963) 0
The experiments presented here were designed to
examlne certain aspects of the regulation of expression of
genes 45, 44, and 62:

whether they are cotranscribed and

where their promotor(s) might be located.

SDS polyacrylamide

gel electrophoretic (SDS-gel) assays were used to separate,
on the basis of molecular weight, the protein products
synthesi z ed in T4-infected E. coli.

In particular the

products of genes 45, 44, and 62 were examined under normal
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and mutationally altered conditions.

The rates of synthesis

of various proteins were measured by labeling them with 14C_
labeled amino acids for short interv'als at different times
after infection.

The radioactiv'e proteins were separated on

SDS-gels and detected on autoradiograms made from the gels.
The autoradiograms could be ev'aluated qualitativ'ely by v-isual
inspection and quantitativ'ely by densitometric tracing.

The

following determinations were made in this study:
1.

Cotranscription of genes 45, 44, and 62 was demonstrated by assaying translational polarity of an
amber (am) mutation in gene 45 on expression of genes
44 and 62 and of two am mutations in gene 44 on gene
62 expression.

The measurement of polarity was made

directly as a function of the amount of 44- and 62protein made in the presence of a gene 45 am mutation
and of 62-protein made in the presence of either of
two am mutations of gene 44.
2.

A possible up-promotor mutation for genes 44 and 62
was characterized.

This mutation, named H6, hyper-

produced the protein products of genes 44 and 62 but
had no effect on 45-protein synthesis.

The hyper-

producti.on of these two proteins was obv'ious late In
infection, long after their synthesis is shut off In
infections with wild-type phage.

The following

findings were obtained in studies on the H6 mutation:
a)

H6 mapped between markers in genes 45 and 44,
an appropriate location for a gene 44 promotor
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mutation.

The map position was determined

using genetic crosses inv'olv'ing markers in
genes 45, 44, and 43.
b)

It was shown that H6 is cis-dominant.

SDS-gel

assays were used to analyze the protein products resulting from coinfections of two
mutants--one mutant that carried H6 and a
second that did not.

Only the 44-protein

originating from the genome carrying the H6
mutation was hyperproduced.
c)

It was shown that hyperproduction of the 44and 62-proteins was not a result of abnormally
high mRNA stability.

Mutant-infected cultures

were treated with the antibiotic drug rifampin
to stop further initiation of RNA synthesis,
and the decay in protein-synthesizing capacity
of the remaining mRNA was measured by pulselabeling proteins with 14C-labeled amino acids.
Indi v'idual mRNA' s were monitored through
observation of their respective proteinsynthesizing capacity after separation of the
proteins by electrophoresis.

METHODS
I.

Bacterial and phage strains
A.

The Escherichia coli strains used are listed in
Table 4 below.

E. coli BE was a gift from L. Gold.

It has been used extensively for studies on transcriptional controls in T4-infected E. coli (Guha
et al., 1971; Notani, 1973; Salser et al., 1970).
E. colJ H4 was isolated by J. Karam as a methyl+ rev'ertant of E.
methanesulfonate resistant (pol)
coli H560 (su-pol A- endo

r-

str r ).

E. coli CR63

came originally from R. S. Edgar as did 8/6, the
streptomycin-sensitiv'e ancestor of S/6 strr.
TABLE 4
ESCHERICHIA COLI STRAINS USED

B strains
BE ' (su-)a

K-12 strains
CR63 (su+ 1 [ serine ] , Ar)

S/6 strr (su-)~

H4 (su+ 3 [ tyrosine ] )

a su refers to wild-type while su+ refers
to supressor mutations that insert specific amino
acids in response to an am (UAG) codon. Strr
indicates resistance to at least 200 ~/ml of
streptomycin.
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B.

The T4 phage strains used are listed in Table 5.
The rII mutant came originally from S. Champe.
R9 was isolated by J. Karam.

All other mutants

are T4D deriv'a tiv'es that came originally from
R. S. Edgar and W. B. Wood.
TABLE 5
T4 PHAGE MUTANTS USED

Mutant

Gene

amA453

32

amN122

42

rUV375

rII

arnE4408, amN82

44

arnEl140

62

arnE 1 0 , tsL159

45
reg A

R9
arnE4332

II.

43

Media
A.

The media constituents were:

Bacto-nutrient broth,

bacto-agar, bacto-tryptone, and v'itamin-free
bacto-casamino acids (Difco Laboratories, Detroit,
Mich. ), I-tryptophan (Calbioche'm, Los Angeles,
Cal.), thiamine HCl (Schwartz/Mann, Orangeburg,
N. Y.).

All other chemicals were ACS grade and were

obtained from Fisher Scientific Co., Fairlawn, N. J.
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B.

Nutrient broth contained 0.8% weight/v'olume (w/v')
bacto-nutrient broth and 0.5% (w/v') NaCI adjusted
to pH 7.5 with NaOH.

Nutrient broth was used to

grow cells for use in plating.
C.

M9 medium (Adams, 1959)
14 mM Na HP0
4
2
22 roM KH P0
2 4
8 .5 mM NaCI
1 8.6 roM NH CI
4
1 mM lVIgS0

4

0.01 mM FeCl

3
0.4% (w/v') dextrose

D.

M9S medium (Bolle et al., 1968) is M9 medium
supplemented with the following:

o .25% (w/v') v'i tamin-free casamino acids
20 ~ g/ml I-tryptophan
1 ~ g/ml thiamine HCI (Vitamin B )
1
Salts and carbon-sources in the lVI9 medium were
autoclav'ed separately and then mixed after they had
cooled to room temperature.
E.

Enriched Hershey agar, (EHA) bottom layer (Steinberg
and E'dgar, 1962)
10% (w/v') bacto-agar
1.3% (w/v') bacto-tryptone
0.8% (w/v') NaCI
0.13% (w/v') dextrose
0.2% (w/v') sodium citrate dihydrate
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F.

EHA top layer (Steinberg and Edgar, 1962)
0.6% (w/v·) bacto-agar
1.3% (w/v·) bacto-tryptone
0.8% (w/v·) NaCl
0.2% (w/v·) sodium citrate dihydrate
3% (w/v·) dextrose

G.

Tris diluent Ior phage dilutions
10 roM Tris (pH 7.5)
1 mlVI MgC1

2
85 mM NaCl
0.001% (w/v·) gelatin

20
H.

III.

l-tryptophan

All media were sterilized by autoclav'ing at 121 0 C
2
and 18 lb/in .

Phage
A.

~g/ml

a~says

Phage titrations
Serial dilutions OI phage lysates were made in Tris
diluent such that 100-500 plaque-forming units
could be plated by using 0.05-0.2 ml of diluted
phage suspension.

Titers were determined by using

the agar oV'erlay method described by Steinberg and
Edgar (1962).

Plating cells were grown to mid-log

phase in nutrient broth.

For each plating 2 ml of

melted EHA top 'agar, 0.2 ml of ' the appropriate E.
coli cell culture (at ca 10 9 cells/ml), and an
appropriate v'olume of a dilution of phage lysate
were mixed and poured on the surface of an EHA
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plate.

The plate was incubated ov'ernight at the

o
appropriate temperature (usually 30 C) after
allowing a few minutes for the soft agar to harden .
B.

Phage crosses
E,. coli CR63 was grown In M9S medium at 37°C to a
density of about 1 x 10

8 cells/ml.

Cells were then

0

equilibrated to 30 C and infected with each of 2
phage stocks at a multiplicity of infection of
each.

5

At 10 min after infection, anti-T4 serum

was added to obtain a final k== l/min to remov'e
unadsorbed phage.

Infecti v'e centers were diluted

1 0 3 -fold in M9S at 20 min after infection, and the
infectiv'e center titer was measured by plating an
appropriate dilution on CR6J.
bation a drop of CHC1
lysis.

J

After 2 hrs incu-

was added to complete cell

Progeny phage were plated on the appropriate

su+ and su

host strains for measurement of burst

size (av'erage phage yield per cell) and wild-type
recombination frequency.

Indiv~dual

plaques £ ro m

the burst plates were tested for genotype by
complementation tests.

When a mutant hav'ing all of

the desired genetic markers was located, it was
purified by replating, a high titer lysate was
prepared, and the genotype was rechecked.

C.

Complementation analysis by spot-test (Edgar,
Denhardt, and Epstein, 1964)
Plates seeded with S/6 str

r

(su-) cells and
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approxim~tely 10 7 phage particles from a lysate of
an am mutant in each gene to be checked were
prepared by the oVBrlay method described abOVB.
Dilutions of phage solutions suspended in Tris
6
diluent (10 -10 7 plaque-forming units/ml) were
prepared, and a drop of each dilution to be tested
was spotted on the plates seeded with am phage.
The plates were incubated ov'e rnight at 30 0 C and
examined quali tati v'ely for growth (complementation)
the £ollowing day.
D.

Elimination of comigrating protein bands on gels
To examine the 44- and 45-proteins on gels, sev'e ral
comigrating protein bands 'w ere eliminated by
utilizing phage strains carrying' nonsense mutations
in the genes for the unwanted proteins.

The )2-

and rIIB-proteins obscured the 44-protein; the 42protein comigrated with the 45-protein.

Fig. 11 ,

on page 76 is an example of a gel pattern that
includes the 32-, 42-, and rIlB-proteins to
illustrate the need for eliminating them.

Phage

stocks used in all other gel experiments presented
in this paper were )2-42-rIIB- in addition to
carrying other mut'a tions relev'a nt to each
experiment.
IV.

Preparation of high titer phage lysates
A.

Chemicals used:

Polyethylene glycol 6000 (Matheson,

Coleman & Bell MIg. Chemists, Norwood, Ohio), beef
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pancreas ribonuclease I and deoxyribonuclease I
(Miles Laboratories, Elkhart, Ind.).

All other

chemicals were ACS grade and were obtained from
Fisher Scientific Co., Fairlawn, N. J.
B.

Lysate preparation
Plaques were picked with sterile toothpicks and
transferred to 5 ml of Tris diluent containing a
few drops of CHCI .

3

Small portions (5-50

~l)

of

plaque solution were plated with CR63 cells on
each of 4-6 EHA plates.

The amount of phage

solution used was adjusted to produce almost confluent lysis on the plates. After ov'ernight
incubation at 30 oC, the soft top-agar layer was
scraped off with a sterile spatula and transferred
to a polypropylene centrifuge tube (50 ml capacity).
CHCI

(1 ml) and Tris diluent (2 ml per scraped
J
plate) were added. The tube was shaken v'igorously,
allowed to stand for 1-2 hr and then centrifuged
for 10 min at 12,000 x g at 4°c in a Sorv'a ll RC2-B
centrifuge (SS34 rotor).

The supernatant was

transferred to . asterile centrifuge tube and was
incubated ov'ernight at JOoC with about 10 ~ g each
of pancreatic ribonuclease and deoxyribonuclease.
Remaining debris was remov'ed by centrifugation at
12,000 x g for 10 min, and the supernatant was made
0.5 M in NaCI.
times.

The lysate was kept cold at all

Phage particles were concentrated by the
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method of Yamamoto et ale (1970):

Solid poly-

ethylene glycol 6000 (PEG) was dissolv'ed in the
chilled lysate to yield a final concentration of
10%.

The solution was stored at 4°C until a

flocculent precipitate of phage appeared and, In
most cases , settled near the bottom of the tube.
The precipitate was pelleted by low speed centrifugation (about 500 x g, 5 min).

The supernatant

was decanted, and the pellet was gently resuspended
in 1 ml Tris diluent.

CHC1

3

(1 ml) was added with

gentle agitation to extract the PEG from the concentrated phage suspension.

Centrifugation at 500 x g

for 5 min resulted In the PEG collecting at the
interface between the chloroform and aqueous layers.
The upper aqueous layer containing the phage was
carefully remov'ed and stored at 4°C.

Titers on

such phage stock preparations ranged from 3 x 10
to 2 x 10

v.

12

11

phage/mI.

SDS slab gel electrophoretic assays
A.

Chemicals used:

14C-(U)-labeled amino acid mixture

cat.# NEC-445 100 ~ Ci/ml (New England Nuclear,
Boston, Mass.), 2,5 diphenyloxazole (PPO) and 1,4bis-2-(4-methyl-5-phenyloxazole)-benzene (POPOP),
(Packard Instrument Co., Downer Grov'e, Ill.),
bov'ine serum albumin, glycine, and tris- (hydroxymethyl) aminomethane (Trizma Base), (Sigma Chemical
Co., St. Louis, Mo.), sodium lauryl sulfate (SDS),
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(Gallard Schlesinger Chemical Mfg. Corp., Carle
Place, N. Y.), N, N'-methylenebisacrylamide,
acrylamide, N,N,N',N'-tetramethylethylenediamine
(TENIED), Kodak NS2T X-ray film, D-19 dev'eloper,
Kodak rapid fixer with hardener, and 2-mercaptoethanol (Eastman-Kodak Co., Rochester, N. Y.),
ammonium persulfate (BioradLaboratories, Richmond,
Cal.), Brom Phenol Blue and Coomassie Brilliant
Blue (Schwartz/Mann, Orangeburg, N. Y.), v'itaminfree casamino acids (Difco Laboratories, Detroit,
Mich.).

All other chemicals were ACS reagent grade

and were obtained from Fisher Scientific Co.,
Fairlawn, N. J.
B.

Radioacti v'e labeling of proteins
1.

Conditions for pulse-labeling proteins with
14C-Iabeled amino acids.
E. coli BE cells were grown In M9 medium at
30 0 C to a density of 3 x 10 8 cells/mI. The
cuI ture was aerated by v'igorous shaking in a
reciprocating water bath (American Optical
model 02156) during cell growth and following
phage infection.

For some experiments cell

cultures were equilibrated at 42 0 C before
infection.

Cells were infected with dilutions

of phage mutants in M9 to yield a multiplicity
of infection of 10 at a final cell density of
2 x 10 8 /ml. At specific time interv'als 1 ml

30
aliquots of infected cells were transferred
using prewarmed pipets to tubes containing
0.1-0.3 ml of a 10

~ Ci/ml

solution of 14C_

labeled amino acid mixture.

Each tube was

mixed and returned immediately to the shaker
bath.

At the end of the pulse-labeling period ,

amino-acid incorporation was terminated by the
addition of 1 ml of chilled chase solution
(2% [ w/v]

casamino acids and 20% [ v'/ v]

glycerol) .
2.

Determination of conditions for linear
incorporation of radioactiv'e amino acids.
To determine the optimal amount of 1 4C-labeled
amino acids to use in pulse-labeling experiments,
infection mixtures wer~ prepared at 30
At 5 min after infection 1 ,2 , or 3

~ Ci

0

0

and 42 C.
of

14C-labeled amino acids were added per ml of ·
infected cells.

Incorporation of radioactiv'i ty

into hot acid-insoluble material was measured at
different times after infection.

Figure 3 shows

that at 30 0 C, 1 ~ Ci of isotope allowed linear
incorporation of radioactiv'e label for at least

5

min.

At 42 0 C 2 ~ Ci were necessary to yield

linear incorporation ov'er the same time interv'a l .
In all pulse-labeling experiments, 1

~ Ci

of

isotope was used at 30 0 C and 2 ~ Ci were used at
0

42 C for time intervals of

5

0

min or less at 42 C.

J1
Figure 3.

Rates OI incorporation OI 14C-Iabeled

amino acids into hot trichloroacetic acid-insoluble material.

E. coli BE cells were grown and infected with wild-type phage
as described under "Conditions for pulse-labeling proteins"

(p. 29).

Separate experiments were performed at Jooe (a)

and 42 0 C (b).

At 1 min interv'a ls between 5 and 1 7 min after

infection, 50 III samples were remov'ed, treated with 5%
trichloroacetic acid, and processed for scintillation counting
as described under "Liquid scintillation counting" (p. JJ).
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3.

Liquid scintillation counting
Radioacti v'e amino acid incorporation into
protein was determined by precipitating the
protein contained in an aliquot of infected
cells or; extract wi th5% "trichloroacetic acid.
A drop of 0.5% bov'ine serum albumin serv'ed as
carrier.

Approximately 15 min were allowed

for the precipitate to form.

Heating the

samples In a boiling water bath for 1 0 min
eliminated radioactiv'i ty associated wi th
aminoacyl-tRNA.

The precipitates were

collected on Type A glass fiber filters (Gelman
Instrument Co., Ann Arbor, Mich.) and washed
with 10 ml of 5% trichloroacetic acid and 5 ml
of ethanol.

Filters were dried, transferred to

counting vials, and 5 ml of scintillation fluid
(0.5%[ w/v] pPO and 0.01%[ w/v] pOPOP in toluene)
were added.

Samples were counted for 10 min

each in a Packard Tri-Carb Model 3330
scintillation spectrometer (Packard Instrument
Co., Downer Grov'e, Ill.).

Counting efficiency

for 14C was approximately 60%.
C.

Preparation of extracts for electrophoresis
1.

Composition of extraction buffer:
0.0625 M Tris, pH 6.8
10% (w/v·) glycerol
2.3% (w/v') sodium lauryl sulfate (SDS)
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5% 2-mercaptoethanol
2.

Extraction conditions
An aliquot (1.8 ml) of the pulse-labeled
culture was transferred to disposable
10 x 75 mm tubes (Fisher Scientific Co., Fairlaw]
N.J.) and centrifuged for 15 min at maXlmum
speed (approximately 1325 x g) in a Dynac
centrifuge (Clay-Adams, Div'ision of BectonDickinson Co., Rutherford, N.
the phage-infected cells.

J.) to pellet

The supernatant was

remov'ed by suct ion, and the cell pellet was
resuspended in 25

~l

extraction buffer.

of H 0 plus 100
2

~l

of

The suspenslon was then

heated in a boiling water bath for 3 min.
Trichloroacetic acid-insoluble radioactiv'i ty
was determined on aliquots of the culture
before and after centrifugation.

The extracts

o
were stored at -20 C and were used for electrophoresis within 24 hrs after preparation.
D.

Gel preparation and electrophoresis
1.

Stock solutions
a.

Lower gel buffer
1.5 M Tris,pH 8.8
0.4% SDS

b.

Upper gel buffer
0.5 M Tris, pH 6.8
0.4% SDS
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c.

Electrode bUIIer
0.025 M Tris
0.19 M glycine
0.1% SDS
Final pH OI the mixture was 8.2-8.3.

d.

Acrylamide stock
30% acrylamide
0.8% bisacrylamide

2.

Equipment (Studier, 1973)
a.

Glass plates 6!" x 5~", rectangular or with
a 3/4" x 5:i" notch cut from the 6%" side.

b.

Plexiglass chamber Ior upper and lower
bUIIers shown in Figure 4a.

c.

Rubber-strip spacers approximately 3/8"
wide x 1/32" thick x 7" long.

d.

Binder clips--l" capacity, 2" wide (IDL MIg.
Corp., Carlsdad, N. J.).

e.

TeIlon sample comb, 5~· " x 1!"--teflon
rectangle with 13 projections for making
sample wells.

3.

Preparation of separation gel
One notched and one regular glass plate were
positioned one on top of the other with rubber
strips between them around the 3 matching
sides.

Binder clips on each side held the

"sandwich" together securely as shown In
Figure 4b.

Melted 1.5% agar was used to seal
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the corners and edges.

Appropriate amounts OI

acrylamide, H 0, and lower gel buffer from
2
Table 6 were mixed in a

125

ml side-arm flask,

and the mixture was evacuated for approximately

5 min.

The ammonium persulfate and TEMED were

added after evacuation, and the solution was
pipeted into the space between the plates.
The gel was then ov'erlayed with a 4-fold
dilution of lower gel buffer ln H 0 prepared in
2
advance.

&ep-gradients were prepared the same

way but using the following amounts of

10%,

and

7.5%

gel; 4.3 ml of
After

20-30

gel solutions:

10%

4.3 ml of

gel; 2 ml of

7.5%

12.5%,
12.5%

gel.

mln, a sharp polymerization line

appeared between the acrylamide solution and
the buffer ov'erlay.

At thi s point the ov'erlay

buffer was poured off and replaced with fresh
buffer.

Gels were allowed to stand ov'ernight

at room temperature before use.
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Figure 4.

Apparatus for slab-gel electrophoresis.

(a) Plexiglass chamber
apparatus.

(b) Gel "sandwich"

(c) Gel drying
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TABLE 6
SDS-GEL COMPOSITIONa

Acrylamide Concentration

7.5%

10%

12.5%

Upper gel buffer

.. .

• ••

•••

1.25

Lower gel buffer

4.0

4.0

4.0

...

Acrylamide stock

4.0

5.3

6.7

0.75

H O
2
Ammonium persulfate

8.0

6.7

5.3

3.00

0.05

0.05

0.05

0.015

TElVIED

0.008

0.008

0.008

0.008

Component ( ml)

4.5%

(stacking gel)

aas described by Laemmli (1970).

4.

Preparation of stacking gel and sample loading
Ov'e rlay buffer was remov'e d and a teflon sample
comb was inserted abov'e the separation gel.

A

4.5% stacking gel was prepared in the same
manner as the lower gel using the proportions
giv'en in T'a ble 6 and was pipeted into the space
abov'e the" separation gel.

Polymerization of

the stacking gel around the "teeth" of the comb
resulted in formation of the sample wells.

The

comb could be remov'ed 30-45 min after introduction of the stacking gel.

Residual buffer

was carefully remov'ed from each well with a
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syringe and spinal-puncture needle.

Each

sample well was loaded with either extract or
extraction buffer (20-25 ~ l).

The samples

were ov'e rlayed wi th running buffer.

5.

Electrophoresis
The clamps were remov'ed from the bottom and
sides of the gel "sandwich", and the rubber
strip at the bottom was remov'ed.

The

"sandwich" was then positioned in the tank
with the notched opening facing into the upper
chamber.

The upper and lower chambers of the

tank were then filled with electrode buffer.
Air bubbles under the lower edge of the gel
were remov'ed by use of a syringe and bent
needle.

Electrodes were positioned and a

10 mAmp current was applied to each gel.
Electrophoresis proceeded until the Brom
Phenol Blue dye front reached the bottom of
the gel--approximately

4.5 hrs.

At this time

the current was stopped, and the gel "sandwich "
was remov'ed from the chamber.

The plates were

separated and the gel was remov'ed and placed
into a solution of 0.1% Coomassie Brilliant
Blue in 50% trichloroacetic acid for fixing
and staining of the protein bands.

After

30 min the gel was placed into 7% acetic acid
for destaining.

The gels were destained for
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1 hr wi th 1 change of acid and then ov'e rnight
with another change of acid.
E.

Gel drying procedure
The gel drying apparatus, shown In Figure 4c,
consisted of a plexiglass frame fitted with a
porous polyethylene support.

The apparatus could

be connected to a vacuum source.

Destained gels

were placed on a piece of Whatman

3MM

filter paper

(W. R. Ralston, Ltd., England), cov'ered with a
piece of Saran wrap, and positioned on the porous
support.

A sheet of silicone rubber was placed

ov'er top of all and sealed around the edges with
vacuum grease (Dow-Corning, Midland, Mich.).
Vacuum was applied v'ia a trap placed in an ice
bath, and the drying apparatus was inv'erted ov'er a
steam bath.
F.

Gels dried in about

30

min.

Autoradiography
For autoradiography a gel that had been dried onto
f'il ter paper was placed inside the env'elop in which
Kodak NS2T X-ray film (5" x 7" size) is supplied
with the dried gel surface resting directly against
the film.

The film env'elop was sandwiched between

2 pieces of fiberboard and secured with 1" capacity
binder clips to insure uniform contact between the'
gel and the X-ray film.

Exposure times v'a ried

from 1 day to 2 weeks depending on the amount of
radioactiv'ity in the sample and the particular
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protein band to be v'isualized.

At the end of the

exposure period the Iilm was processed as Iollows:

D-19 devBloper 5 min, stop solution (3% acetic
acid) 30 sec, rapid Iixer 5 mln.

Processed film

was rinsed in tap water for 30 min beIore it was
air-dried and used for photography or densitometry.
G.

Protein quantitation
Protein bands registered on autoradiograms were
quantitated by densitometric tracing using a
Joyce-Loebl microdensitometer (Tech/Ops Instruments,
Burlington, Mass.).

Autoradiogram bands corres-

ponding to specific proteins were recorded on paper
and subsequently were cut out and weighed to
determine their concentrations.

The concentrations

were expressed relativ'e to the amount of IPIIIprotein present in the same scan unless
noted.

otherwise

IPIII was chosen as an internal control

because it could be conv'eniently measured and it
did not appear to be affected by any of the
mutations used In these experiments.
VI.

Stability OI 14C-Iabeled proteins
Stability of 14C-Iabeled proteins was determined as
follows:

Mutant-infected cultures were prepared as

described under "Radioactiv'e labeling of proteins"
(p.

29).

At 5 minutes after infection aliquots of

mutant-infected cultures were transIerred to flasks
containing 1 ml OI a 10

~ Ci/ml

solution of 14C-Iabeled
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amlno acid mixture.

The cultures were chased with

0.5 ml of 10% unlabeled casamino acids at 10 minutes
after infection.

5 minute interv'

Aliquots were remov'ed and chilled at
~s,

nd

xtr eta w r

pr p

r

d

nd

subjected to electrophoresis on 10% polyacrylamide
gels.

Autoradiograms were prepared and quantitated as

described abov'e.

EXPERIMENTAL PART I:

MEASUREMENT OF COTRANSCRIPTION OF

GENES 45, 44, AND 62
Introduction and Background
Polycistronic mRNA species are single mRNA molecules
that specify more than one polypeptide chain.

They occur

commonly In prokaryotic organisms as the transcription
products of groups of genes (operons) that are transcribed
unidirectionally from the same promotor (Reznikoff, 1972).
All structural genes of an operon are transcribed equally,
and they share common transcriptional controls.

Therefore,

demonstration of the existence of polycistronic mRNA suggests
common transcriptional regulation for the genes inv'olv'ed.
The approaches that hav'e been used in T4 to demonstrate
cotranscription of adjacent genes are:

1) measurement of

translational polarity and 2) measurement of the relativ'e
sensitiv'ities of different genes to damage by ultrav'iolet
(UV) light.
Measurement of translational polarity.

Translational

polarity has been widely used in both bacterial and phage
systems as a criterion of the existence of a polycistronic
mRNA (Franklin and Luria, 1961; Stahl et al., 1970; Ames and
Hartman, 1963).

When a nonsense codon (one that does not

specify an amlno acid) is encountered by a ribosome during
protein synthesis, the newly synthesized peptide is released
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(Garen,

1968).

Such signals probably occur naturally be-

tween genes on polycistronic rnRNA molecules and allow
release of completed polypeptides while the ribosomes continue to translate the remainder of the mRNA (Nichols,

1970).

The occurrence of a nonsense codon within a gene (by
mutation) results in premature termination of protein
synthesis with concomitant release of a peptide fragment
corresponding to the N-terminal portion of the polypeptide
specified by that gene (Sarabhai et al.,

--

1964).

The length

of the released peptide is a function of the map position of
the nonsense codon responsible for termination of translation.
Premature termination of translation in response to a nonsense
codon also affects synthesis of any polypeptides specified by
the remaining portion of the mRNA molecule.

Because ribo-

somal initiation sites within a region of cotranscription
generally are less efficient than ones at its beginning
(Newton,

1969), protein synthesis distal to nonsense codons

is decreased to varylng extents.

This effect is polarized in

one direction only because rnRNA is translated only from the

5'

to the J' terminus.

Thus translational polarity is a

criterion both of direction of reading of an mRNA molecule
and of the existence of polycistronic mRNA.
Polarity measurements have been made In several ways
In microorganisms.

Assays of enzyme acti v'i ty hav'e been used

for the lactose and tryptophan operons of E. coli (Newton
et al.,

1965; Yanofsky and Ito, 1966) and the histidine

operon of S. typhimurium (Martin et al.,

1966).

Comparisons
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of enzyme acti v'i ty were made between wild-type and a mutant
having a nonsense codon In the gene preceeding the gene
coding for the enzyme that was assayed.

In some cases enzyme

activity was compared directly to wild-type levels.

In

other cases the ratio of the enzyme in question to some
other enzyme that was unaffected by the mutation and that
could conv'eniently be assayed was measured.

The degree of

polarity was expressed as the amount of enzyme produced by
the mutant relativ'e to the amount produced by wild-type.

In

bacteriophage, where the enzymatic activities of only a few
gene products are known, polarity has been measured by uSlng
certain types of cis-trans tests (Stahl et al.,

1966).

For

the cis test, a non-permissive strain of E. coli is infected
at equal multiplicity of infection with wild-type phage and
with a double-mutant that carries nonsense codons in the two
genes to be compared.
gene:

For example,
A

B

+

+

phage 1
phage 2
where - refers to a nonsense mutation and + is the wild-type
allele.

The phage yield (burst size) from a culture

co-infected with these two phages is related to the amount of
gene product av'a ilable (provided by the two "good" wild-type
genes).

In the trans test, the non-permissi v'e E. coli strain

is infected with two single mutants, i.e., the same two nonsense mutations that were used in the cis test are intro-
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duced, but each

lS

on a different genome.

gene:

That is:
B
+

A

phage 1
phage 2
+

If, for example, genes A and Bare cotranscribed and the
direction of transcription (and translation) is B to A, the
nonsense mutation In gene B would be polar and the amount of
gene product made by gene A would be decreased.

This would

be reflected by a decrease in the phage yield from the trans
test compared to the yield from the cis test.
UV sensitivities of genes in an operon.
Sauerbier (1973) assigned a number of T4 genes to

Hercules and
tran~

scription units on the basis of the relativB susceptibilities
of adjacent genes to damage by UV light.
as follows:

Their rationale was

UV light damages DNA at random sites and RNA

polymerase, starting at a specific promotor site, can transcribe DNA until it encounters a UV-damaged site.

Therefore,

following UV-irradiation, promotor proximal genes are more
likely to be transcribed (and the RNA so transcribed to be
translated) than promotor distal genes.

Wild-type phage was

irradiated with carefully controlled doses of UV light and
the ability of different genes to produce proteins was assayed
by complementation with unirradiated phage defectiv'e in the
gene being tested.

Cotranscription was suggested when "ad-

jacent genes showed increasing sensitiv'ities to damage by UV
light, i.e., decreased ability to prov'ide the normal gene
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function that is missing In the coinfecting unirradiated
phage.
Cis-trans tests were used by Stahl et al., (1970) in
T4 to show that amE10 (gene 45-) was polar on gene 44 expression.

Polarity OI nonsense mutations in gene 44 on gene 62

expression was not assayed at that time but has since been
reported by O'Farrell, Gold, and Huang (1973).

In addition

Hercules and Sauerbier (1973) hav'e proposed that genes 45,
44, and 62 are cotranscribed on the basis of data which
showed that genes 45, 44, and 62, in that order, displayed
increasing sensitiv'ities to damage by UV light.

The present

study confirms these findings by a direct assay of translational polarity, i.e., comparison of the quantities of
protein synthesized in the presence and absence of appropriate
nonsense mutations as detected by SDS-gel assays.

Howev'er

as will be shown, the polar effect of a nonsense mutation in
gene 45 on gene 44 expression is a weak one, suggesting that
gene 44 'may be transcribed from more than one promotor.
Results
Relativ'e positions of the amE4408 and amN82 mutations.
AmE4408 and amN82 , two nonsense mutations of gene 44, were
used in this study.

These mutants synthesize fragments of

the 44-protein that are v'isible under conditions of hyperproduction OI the 44-gene product.

The amE4408 and amN82

Iragments are pointed out in Figures 5 and 6 (pp. 51 and 53).1
The amE4408 Iragment is approximately three-Iourths of the
1The fragments are also shown in Figure 12 in the
next section (p. 79).

slze of the complete 44-protein, and the amN82 fragment is
approximately one-Iourth the size of the complete protein.
Also, the double mutant amE4408/amN82 exhibits a protein band
that is identical in size to theamN82 fragment.

These

observations indicate that amN82 lS more promotor proximal
than amE4408 and that transcription of gene 44 is counterclockwise on the circular T4 chromosome.
Polarity measurement using phage stocks carrying R9.
Cotranscription
measuring:

o~

genes 45, 44, and 62 was examined by

1) the effect of a nonsense mutation in gene 45

on the rates of synthesis of the

L~4-

and 62-proteins and

2) the effect of two nonsense mutations in gene 44 on the
rate of synthesis of the 62-protein.

All phage stocks were

32-42 - rIIB- and carried combinations of mutations in genes 44
and 45.

Proteins that had been pulse-labeled at v'a rious

intervals after infection were detected on autoradiograms
after electrophoresis on polyacrylamide gels.

Figure 5 shows

the gel patterns obtained with a set of mutants that carried
the mutation R9 in addition to other genetic markers.

The

inclusion of R9 resulted in hyperproduction of the 4~, - and 62proteins (among others) as a result of mRNA stabilization
(DiMauro et al., 1969) and allowed better v'isualization and
quantitation of these proteins.

The pulse-labeling intervals

shown are 10-13 minutes and 13-16 minutes after infection.
Densitometric tracings of the 10-13 minute interv'a l for each
mutant combination are shown in Figure 6.

Although 62-protein

could be detected in extracts of cells infected with 44+ phage,
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Figure 5.

Patterns of protein synthesis in E. coli

cultures infected with T4 mutants carrying R9 and selected
nonsense mutations.

All mutants were 32-42-rIIB-R9 and also

carried one of the following combinations:

+ / + (44+ 45+ ),

amE440S (L}4-45+ ) , amNS2 (44-45+ ), amE440S/amNS2 (L~4= 45+ ),
and amEl0 (44+ 45-).

Closed circles point out the positions

of protein bands that do not appear in ev'ery column.

At the

indicated times after infection, aliquots of infected

~ Ci

cultures were labeled with 1
at JOoC.

of 14C-labeled amlno acids

Extracts were prepared and assayed by electro-

phoresis on a 10% polyacrylamide gel as described under
"Methods" (pp. JJ-43).

The amounts of trichloroacetic

acid-insoluble 14C-radioactivity present in the 25

~l

samples

that were subjected to electrophoresis are given below.
Counts per minute are also giv'en for the two pulse-labeling
intervals that are not shown in Figure 5 but which were
scanned and quantitated for Table 7 (p. 59) ·
Relev'a nt Genotype
Pulse Time
( Min)

cpm

amNS2

amEl0

cpm

amE440S/
amNS2
cpm

cpm

cpm

amE440S

+/ +
b

a

4-7

2.9

1.1

1.2

2.1

1.5

7-10

J.5

1.4

1.5

1.5

1.3

10-lJ

J.5

1.7

1.5

2.6

1.6

lJ-16

J.l

1.S

1.3

2.9

1.9

a All mutants were also amA453/amN122/rUVJ75/R 9
(32-42- rIIB-R 9) .
bCounts per minute x 10- 5 .
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Figure 6.

Densitometric tracing of a portion of the

10-1'3 minute time interv'a l for each mutant shown in Figure 5 .
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ne i th e r of th e tw o am mut an ts of ge n e 44 (44 - ) us ed sh owed
62-protein synthesis.

Th i s p r obabl y refle c t s pola r i ty of gen e

44 am mutations on gene 62 expressio n a n d su gge sts that genes
44 a n d 62 a r e cotranscribed.

1L

On th e oth er h a n d comparison

of th e gene 4 5 - mutant amE10 with wild- type r ev'ealed t h a t
both th e 44- a n d 62-proteins we r e synth e s i z ed in c on si de r able
a mounts .

In Ta b le

7

(p . 59) t h e a mounts of 44- a n d 62-pro t ei n

p r e s e nt in the amE1 0 i nfe ct ion h a ve been q u a n t i t a te d re la t i v e
t o th e IPIII internal c ont l ol a n d exp resse d as a pe rce nt a g e of
t he wild- -t yp e v alue.

I n addi ti on t o th e t wo t i me i n t erva l s

shown i n Fi g ure 5, values fo r tw o addi ti on al t ime int ervals
a r e given.

Th e amE 1 0 mutation appea r ed t o be on l y wea kl y

polar on the e xp ress ion of ge n es 44 and 62.
Pola r i ty of amE10 on ge n e 44 exp r essio n wi th ou t th e
~mu t a ti o n .

Figu r e

7 shows th e gel pa ttern ob t ai n ed after

electrophoresis of e xtrac ts of cul tur es i n fec t ed wi t h the
following mut a nts :
gene L~5 n onsense mutant ) , a n d (J) 4~, - LI-5
n ons e nse mut a n t , a ma r ke r fo r the

I

r

( amE4408

4L~-protein).

t

g e ne L~~,

Th e se mut a n t s

we r e ide ntic al t o co rr esponding mut a nts us ed i n th e experiment

sh own i n Figur e s 5 a n d 6 except th a t they did n ot

j( 9 a n d s o did n ot hype r p r odu ce t he

Lf-[-j--

carr y

a n d 62-pro t eins.

lThe polarity of g e ne 44 n ons ense mut a t io ns on gene
62 expression is fu rth e r illus tra te d i n F i gur e s 12 a n d 13
which a re t o be dis c us s ed i n co nne ct ion wi th th e hype r p r odu cer mutation H6 ( pp. 79 a n d 81) .
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TABLE 7
AMOUNT OF 44- AND 62-PROTEIN SYNTHESIZED BY amE10/R9

---Pulse Time
( Min)

% of

Wild-ty~e

Value

44-Protein

62-Protein

4-7

74

69

7-10

85

57

10-1J

75

60

1J-16

75

74

----

NOTE: Data deriv"ed from quantitation of
densitometric tracing of the autoradiogram shown in
Figure 5 and another autoradiogram (not shown) hav"ing
the 4-7 and 7-10 minute time interv"a ls. Counts per
minute in extracts subjected to electrophoresis are
gi v"en in the caption for Figure 5.
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Figure 7.

Effect of amEl0 (45-) on synthesis of the

44-protein without R9.

0

Cells were infected at 42 C with

phage mutants that were 44+ 45+ ,44+ 45-, or 44-45+ in
addition to being J2-42-rIIB-.

Each mutant-infected culture

was labeled between 4 and 10 minutes after infection with
3

~ Ci

of 14C-labeled amino acids.

Preparation of extracts,

electrophoresis, autoradiography, and densitometric tracing
were performed as described in "Methods" (pp. 3J-43).

The

amounts of trichloroacetic acid-insoluble 14C-radioactiv'i ty
in the 20

~l

samples of extracts that were subjected to

electrophoresis were as follows:
Relev'a nt Genotype
amEl0
cpm

Pulse Time
( Min)
4-7

a

1 . J/..}

1.62

a All mutants were also amA453/amN122/rUVJ75
(32-42-rIIB-).
---bCounts per minute x 10- 5 .

amE4408
cpm
1.58
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The experiment was carried out to check if the R9 mutation
masked an otherwise strong polar effect of amEl0 on expression of genes 44 and 62.

To maximize the amount of radio-

activ'e isotope incorporated into the 44-protein, the cultures
were labeled between four and ten minutes after infection
with three

~ Ci

of 14C-Iabeled amino acids.

The 62-protein

could not be measured without hyperproduction ev'en under
conditions of maximum incorporation of isotope.

As in the

prev'ious experiment the 44-protein is v'isible in the amEl0
(45-) infection.

Table 8 shows the results of quantitation

of the 44-protein synthesized in the presence and absence of
amEl0.

Again the concentration of 44-protein, when expressed

rela ti v'e to the IPIII internal control, was lower with the
45- mutant than with the 45+ mutant.

The degree of polarity

was similar with and without the R9 mutation.
TABLE 8
AMOUNT OF

Relev'a nt
a
Genotype

L~4-PROTEIN

SYNTHESIZED BY amEl0

Quanti'!y of 44-Protein
Quantity of IFIll-Protein

+/ +

0.367 + .014

amEl0

0.297 + .009

% of Wild-Type
Value
(100)

81

NOTE: Ratios gi v'en are the av'erage of three determinations wi th standard errors gi v'en.
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Conclusions and Discussion
The data presented here indicate that three adjacent
T4 genes--45, 44, and 62--are cotranscribed by the criterion
OI translational polarity.

This conIirms the cis-trans test

data OI Stahl et al., (1968) which showed that amE10 (45-)
was polar on gene 44 expression and the data OI Hercules and
Sauerbier (1973) who reported that genes 45, 44, and 62
showed increasing sensitivities to damage by UV light in the
45 to 44 to 62 direction.

Direct translational polarity OI

am mutations in gene 44 on gene 62 expression has also been
noted by O'Farrell, Gold, and Huang (1973).

In addition,

assuming translation and transcription to be codirectional
(Terzaghi et al., 1966), the map positions and direction of
translation OI the three genes signiIY a counterclockwise
reading OI the DNA.

The same direction OI reading has been

reported Ior genes 43 (O'Donnell and Karam, 1972), rIIA-rIIB
(Benzer and Champe, 1962), and gene e (Kasai and Bautz, 1969).
All OI these genes are expressed early in inIection.

The

relative positions OI two gene 4·4 nonsense mutations,
amE4408 and amN82 were also determined (Figures 5 and 6,
pp. 51 and 53).

AmN82 is more promotor proximal than amE4408.

It lS important to note that the degree of polarity
observ'ed with the gel assays difIered Ior the different genes
examined.

While gene 44 am mutations were strongly polar on

gene 62 expression, the am mutation tested in gene 45 was
only weakly polar on the expression of genes 44 and 62.
Negativ'e results hav'e been reported by two inv'estigators
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uSlng gel assays and the amE10 mutation:

Both Wu and

Geiduschek (1975a) and Hercules and Sauerbier (1973) noted
that no band was missing on their gels with amE10, although
the UV data OI Hercules and Sauerbier suggested cotranscription.

These discrepancies can be explained by the fact

that both the cis-trans test that was used by Stahl et ale
and the UV experiments carried out by Hercules and Sauerbier
reIlect enzyme acti v'i ty while gel assays reIlect effects on
total protein.

Perhaps under conditions of limited enzyme

acti v'i ty ev'en a small polar effect can cause a dramatic
decrease In phage yield.
The question of why diIIerent degrees of polarity
should exist within the 45-44-62 polycistronic unit is more
difficult to answer.

The disappearance of 45-protein in

amE10 (45-) infections (Figures 5 and 7) indicates that
efficient termination of translation occurs within gene 45.
~his

implies that some mechanism must exist for reinitiation

of protein synthesis distal to the nonsense codon since
measurable quantities of 44- and 62-protein are produced.
Possible explanations include (1) the presence of an
efficient reinitiation site for protein synthesis located In
the distal portion of gene 45 or at the beginning of gene 44,
and (2) the possibility that genes 45, 44, and 62 may be
transcribed in two modes with separate promotors being
located both to the clockwise side of gene 4'5 and between
genes 45 and 44.

In several ge n e t ic s y ste ms , e. g ., th e lac t ose and
tr yptoph an operons of E. coli (Newton et al., 1 965; Yanofsky
and Ito, 1966) and th e hi stidine operon of S . thyphimurium
(Martin e t al., 1966 ) , it has been shown that the degree of
pola r i ty associat ed with diffe r ent n on sense mutations was
r elat ed t o th ei r map posi t ions.

That is, a polari ty gradie nt

existed I n wh ich mutations mappi n g n ear the e n d of a gene
belonging t o a pol yci stronic unit affected exp r essio n of t he
subsequent genes less than did mutations mapping closer t o
th e beginn i n g of th e gene.

The reaso n for th e exi st ence of a

polari ty gradient has not been explained.

Howe v er, New ton

(1969) demons trated that the degree of polarit y shown b y a
gi v'en nonsense mutation in the la ctose operon was related to
it s locatio n r elat i v'e to naturally-occurring rei n itiat ion
si t es which could be locat ed either wit h in th e gene or
between genes.

Such sit es, wh ic h would n ot n ormall y b e

e v ide nt duri ng uninterrupted translat io n , appare nt l y v aried
i n strength.

The exis t e nc e of su ch a reinitiation site

di st al t o the amE10 locu s could account for s ynth esis of

L~4-

and 62-protein from a 45-44 - 62 pol yc is tr onic mRNA tha t
carried a nonsense c odo n .

In th e case of genes 44 a n d 62 ,

wh ere tw o gene Lr-4 a m mut a t io ns v irtu all y eli mina t ed 62 pro t ei n p r oduc t io n such tha t n o quant i t a t i v'e dif f e r e nc es
between th e t wo mutations could be measur ed, i t would appear
that li tt le opportun i ty for reinitiation of pro t ei n synthesis
must exis t dis t al t o th e am N82

locus.

Th is c ould pos s i b l y

reflect th e close funct ional r elati on s h ip of the 44 - a nd
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62-proteins reported by Barry and Alberts (1972).
The second possibility is that genes 45, 44, and 62
may be transcribed in two modes in a fashion resembling that
described by O'Farrell and Gold (197Ja) for the rIIA and
rIlB cistrons of T4.

Genes 44 and 62 could, for example, be

transcribed first from an immediate-early promotor at the
beginning of gene 44 and later from a quasi-late promotor
located to the clockwise side of gene 45.

Translation of

protein from a 44-62 mRNA would obscure any decrease in
translation resulting from a nonsense codon within the
45-44-62 mRNA.

Results will be presented in the next

section which argue that transcription of gene 44 In two
modes is a reasonable possibility:

The isolation of a

mutation that increases transcription of genes 44 and 62
while hav'ing no effect on gene 1..1-5 transcription is described.

EXPERIMENTAL PART II:

CHARACTERIZATION OF A POSSIBLE

UP-PROMOTOR MUTATION FOR T4 GENES 44 AND 62
Introduction and Background on the Isolation of H6
H6 was one of sev'e ral mutants isolated by Jim Karam
f or

--: i~ts '

ability to enhance the growth of amE4408 (gene 44;

on E. coli H4 at 42 0 C.

Figure 8 is a diagramatic represen-

tation of' the scheme used to isolate H6.

On certain host

strains amE4408 synthesized a 44-protein of normal size that
waspartially temperature-labile.

The occurrence of a

secondary mutation allowing more efficient synthesis of the
44-protein could result in more efficient phage growth and in
the production of v'isible plaques under conditions where the
amE4408 single mutant does not produce plaques.

Such plaques

were isolat·ed and examined to determine (1) that they still
retained the amE4408 mutation and (2) that they were able to
grow at high temperature on E. coli H4 where the parental
amE4408 mutant would not grow.

Mutants hav'ing these two

properties were further analyzed by SDS-gel assays to
determine if they hyperproduced the amE4408 protein fragment
(shown in Figure 5, p. 51) and/or other proteins.

The

amE4408 fragment prov'ided a means of monitoring gene 44
expression under conditions where the complete 44-protein was
obscured by the protein products of genes 32 and rIIE.

68

FIGURE 8
ISOLATION OF HYPERPRODUCERS OF 44-PROTEIN
GENE 44

x

(tyrosine)

44-FRAGlVIENT
TEMPERATURE SENSITIVE
44-PROTEIN

-~X------

tyr

HYPERPRODUCTION OF

arnE4408/H6

TEMPERATURE SENSITIVE
44-PROTEIN

The maj ori ty of amE4J--}08 deri v'a ti v'es that were
analyzed by gel assays appeared to be similar to SP62
et al., 1973) and R9 (Karam and Bowles, 1974),

(Wiberg

mutations that result in hyperproduction of sev'eral T4induced proteins as a result of increased functional
stabilization of some phage mRNA species.

One mutant,

amE4408/H6, was chosen for =further characterization in thi s
study because it appeared to hyperproduce only the amE4408
fragment.

The mechanism by which H6 hyperproduced th e 44-

protein was inv'estigated by determining the followin g :
(1) Its effect on synthesis of detectable T4-induced
proteins, including the 44-protein.
stability of T4-induced proteins.

(2) Its ef=fect on

(3) Its effect on 44-

protein synthesis in the presence of the wild-type
counterpart of H6 (cis-trans tests).

(4) Its effect on the

functional stability of the mRNA for gene 44.

(5) Its map

position.
Results
Stabilit.:y: of

iLl-

.

C-labeleUrotelns.

1

The amoun"t of

radioacti v'e label incorporat ed into protein during a period
of exposure to labeled amino acids reflects (1) the amount
of mRNA av'a ilable for translation during that time interv'a l
and (2) the rate of translation of the av'ailable mRNA
assuming that the protein, once synthesized, is stable.

To

determine that the proteins being analyzed in these experiments were not subject to turnov'er during short time
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interv'a ls, their stabilities were measured as described
under "Methods" (p. 42).

Mutant-infected cultures were

exposed brie=fly to radioactive amino acids =followed by
addition o=f an excess of unlabeled amino acids.

At sub-

sequent time intervals samples were removed and analyzed by
SDS-gel assays.

Figure 9 shows the amounts of 44- and

IFIll-proteins recov'ered at di=fferent times after in=fec t ion
expressed as a percentage o=f the initial value =for each
protein and mutant .

No attempt was made to correct =for small

differences In the amounts of extracts subjected to electrophoresis.

All of the proteins appeared to be stable.

Isolation of amJj82/H6.

Tn.e gene 44 nonsense

mutation amN82 maps closer to the beginning of gene 44 than
amE4408, and on su

hosts it synthesizes a smaller =fragment

o=f 44-protein than does amE4408 (see p. 48 and Figures 5 and
6).

The amN82 fragment can be detected on polyacrylamide

gels only under conditions OI hyperproduction of the 44 gene
product.

The double mutant amN82/H6 was constructed =for use

as an additional gene 44/H6 mutant combination in the gel
assays to be described.

AmN82/H6 was isolated according to

the =following scheme which is diagrammed in Figure 10:

A

genetic cross was performed as described under "Methods"
(p. 25) between amN82/tsL159 (tsL159 is a temperature+
sensitiv'e mutation in gene 45) and H6 (an am rev'ertant OI

amE4408/H6).

Temperature-resistant am progeny from this

cross were expected to hav'e either the amN82 or amN82/H6
genotype.

Each temperature-resistant am recombinant obtained

Figure 9.
mutants.

Stability of 44- and IPIlI-proteins in cultures infected wi th T4

The experimental procedure is described on p. 42.

acid-insoluble 14c-radioactivi ty in the

The amounts of trichloroacetic

25 ~l samples of extracts subjected to electro-

phoresis are gi v'en below:
Relevant Genotype a
Time After Chase
( Min)

H6 b
cpm

R9
cpm

+
cpm

5

8.5

18.0

8.5

.. .

11.5

11.3

10

7.4

18.5

6.3

7.5

11.7

1) .5

15

8.7

14.5

8.8

8.7

. ..

12.0

20

10.0

•••

8.2

9.)

11.0

• •

•

arnE4408/H6
cpm

amE4408/R9
cpm

amE4408/+
cpm

a All mutants are also amN122/amA453/rUV)75 C32-42-rIIB-).
bCounts per minute x 10- 4 •
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Figure 10.

Isolation of amN82/H6

amN82/tsL159

x

am +

/ H6

amE4408/H6

plate cross lysate on
CR63 at 42 0 e

look for temperature-resistant
arrf":p rogeny:
amN82/+ and .§!!N82/H6

S/6

plate on
str r at

~_ _ _ _ _---.,

30 0 e

1

look for am+ rev'ertants:
+/ + and +/H6

1

compare to +/ + and +/H6 on
polyacrylamide gels for
hyperproduction of 44-protein

locate corresponding 44-/H6

mutant------~
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Irom the cross was used to isolate an am+ revertant by
plating on S/6 str

r

(su-).

Each revBrtant so obtained was

expected to hav'e either the +/ + or + /H6 genotype.

Lysates

made from each of these rev'ertants were compared to wild-type
( + / + ) and + /H6 (the rev'ertant of amE4 J-}08/H6) on SDS poly-

acrylamide gels shown in Figure 11.

Although the 32- and

rIlB-proteins were synthesized under these conditions, hyperproduction of the 44-protein in the presence of H6 was large
enough to be detectable when compared to the + / + control.
The amN82 phage stock from which the +/H6 suspect shown in
Figure 11 originated was used in a cross with amA453/amN122/
'r UV375/H6 to construct a 32-42-rIIB-amN82/H6 phage strain
(amA453/amN122/rUV375/amN82/H6).

Analysis of this mutant by

SDS-gel assays, as depicted in Figures 12 and 13, showed that
the amN82 protein fragment was hyperproduced.

These results

confirmed the presence of H6 in the genome of the phage used.
The H6 phenotype as analyzed QY gel electrophoretic
assays.

The protein synthetic patterns for several mutant

combinations with and without the inclusion of H6 were
examined by gel electrophoretic assays.

Figures 12 and 13

show examples of the variety of conditions under which H6 was
examined.

All mutants used were 32-42-rIIB-, to eliminate

unwanted protein bands, but the combinations of H6 and gene

44

mutations varied from experiment to experiment as did the

growth temperature, the length of radioactiv'e labeling
intervals and the gel concentration used in electrophoresis.
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Figure 11.

Hyperproduction o£ the 44-protein in a

wild-type genetic background.

E. coli BE cells were in£ected

at 42 0 C with am+ rev'e rtant s o£ suspected. amN82/H6 isolates to
screen for the presence o£ H6.

Pulse-labeling of proteins,

extract preparation, electrophoresis, and autoradio graphy
were as desc rib ed under "Methods" (pp. JJ-L~J).

The amo unts

of trichloroacetic acid-insoluble l}+C-radioacti v'i ty in the
25

~l

samples OI extract subjected to electrophoresis are

gi v'en below:
Genotype
Pulse Time
( Min)
9- 13

Control

Suspect

+

+

H6
a
cpm

cpm

H6
cpm

cpm

L~ • 3

1.3

2.6

1 .J

aCounts per minute x 10- 4 .

9 -13 MIN AFTER INF
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<0

J:

+
+

............

+
+

............

t-

~------~, ~'--------

:E

SUSPECTS

::J

L

CONTROLS

Figure 12.

o
Effect of H6 on protein synthesis in T4-infected E. coli at 42 C.

All mutants used were J2-42-rIIB- in addition to being one of the following:
amE440S/+ , + /H6, + / + , amNS2/H6, or amNS2/+ .

amE440S/H6,

Pulse-labeling of proteins with 14C-Iabeled

amino acids, preparation of extracts, electrophoresis, and autoradiograph y were as
described under "Methods" (pp. JJ-4J).
polyacrylamide gel.
20

~l

The auto r adiogram shown was prepared from a 10%

The amount of trichloroacetic acid-insoluble 14C-radioactiv ity in the

samples of extracts subjected to electrophoresis are g iv'en below:
Relevant Genotype a
Pulse Time

amE440S/H6

( Min)

cpm

5-9
l J- 17

amNS2/H6

amE440S/+

+ /H6

+/ +

cpm

cpm

cpm

cpm

cpm

6.0

12.2

5.4

5.S

1.S

11.2

4.0

6.0

J.O

J.O

1.S

6.4

b

amN82/+

a AII mutants were amA45J/amN122/rUVJ75 (J2-42-rIIB-).
b Counts per minute x 10 -4 .
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Figure 12.

EIfect OI H6 on protein synthesis in T4-infected E. coli at 42 0 C.

All mutants used were 32-42-rIIB- in addition to being one of the Iollowing:
amE440B/+ , +/H6, +/ + , amNB2/H6, or amNB2/+ .

amE440B/H6,

Pulse-labeling of proteins with 14C-labeled

amino acids, preparation of extracts, electrophoresis, and autoradiography were as
described under "Methods" (pp. 33-43).
polyacrylamide gel.

The autoradiogram shown was prepared from a 10%

The amount of trichloroacetic acid-insoluble 14C-radioactivity in the

20 fl l samples OI extracts sub.jected to electrophoresis are giv'en below:
Relev'a nt Genotype a
Pulse Time

amE440B/+

+/H6

+/ +

( Min)

amE440B/H6
cpmb

cpm

cpm

cpm

cpm

cpm

5-9

6.0

12.2

5.4

5.B

1.B

11.2

1 3-1 7

4.0

6.0

3.0

3.0

1.B

6.4

amNB2/H6

amNB2/+

aAll mutants were amA453/amN122/rUV375 (32-42-rIIB-).
b Counts per mlnu
. t e x 10 -4 .
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Figure 13.

Effect of H6 on protein synthesis in T4-infected E. coli at 30 oe .

Phage mutants and conditions used in this experiment were identical to those used in the
preceding

expe~iment

except for temperature and the use of a step-gradient gel.

interv'a ls shown are 21-25 and 29-33 minutes after infection.

The time

The amounts of trichloroacetic

acid-insol'u ble 14e-radioactiv'i ty in the 20 fl l samples of extracts subjected to electrophoresis are

giv~n

below:
Relevant Genotype a

Pulse Time

amNB2/H6

amE440B/+

+/H6

+/ +

( Min)

amE440B/H6
cpmb

cpm

cpm

cpm

cpm

cpm

21-25

6.4

10.6

9.0

6.2

7.4

10.6

29-33

3.6

6.0

6.2

2.6

5.0

5.B

.§:.liN B2/+

a AII mutants were amA453/amN122/rUV375 (32-42-rIIB-).
be ounts per mlnute
.
x 10 -4 .
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Table 9.

The ability of H6 to hyperproduce the 44-protein

( or a 44-protein fragment) was assayed on polyacrylamide
gels.

Figures 14 and 15 show that H6 hyperproduced the

44-protein or 44-protein fragment specified by the same
genome that carried H6 (cis position).

It did not hyper-

produce the 44-product of a second coinfecting genome lacking
H6 (trans position).

These results suggested that a

diffusible protein is not inv'olv'ed in the expression of the
H6 mutation.

TABLE 9
CROSSES USED IN THE CIS-TRANS TESTS

SET

SET A

B

CIS

amN82 x amE4408/H6

+/ +

TRANS

amN82/H6 x amE4408

+ /H6 x arnE4408

NEGATIVE
CONTROL

amN82 x arnE4408

+/ +

POSITIVE
CONTROL

amN82/H6 x amE4408/H6

+/H6 x amE4408/H6

X

X

amE4408/H6

amE4408

Figure 14.

Cis-trans test using the crosses shown in Table 7 Set A.

Figure 15.

Cis-trans test using the crosses shown in Table 7 Set B.
Both experiments were p'erformed at 42 o C. Pulse-labeling of proteins ~Ni th

14C-labeled amino acids, preparation of extracts, electrophoresis, and autoradiography
were as described under "Methods" (pp. 29-42).

The autoradiogram shown in Figure 14 was

prepared from a gradient gel; the one shown in Figure 15 was prepared from a 10% polyacrylamide gel.

Closed circles point out protein bands that do not appear in ev'ery column.

The amounts of 14C-radioactivity incorporated into trichloroacetic acid-insoluble material
in the 20

Fig. 14

Fig. 15

~l

samples of extracts subjected to electrophoresis are given below:
Relev'a nt Genotype a
Pulse
amE4~OS/H6
amE4~OS/H6
amNS~/H6
Time
amE440S
amNS2/H6
amNSB
( Min)
cpm
cpm
cpm
6.6
9.S
7.6
5-9
6.4
4.2
3.4
13-17
amE44~S/H6
amE4~OS/+
-amE440S/+
x
+/H6
+/ +
+/ +
cpm
cpm
cpm
10.0
5.6
11.3
5-9
4.3
4.9
4.3
13-17

aAll mutants are amA453/amN122/rUV375 (32-42-rIIB-).
bCounts per minute x 10- 4 .
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Stability OI mRNA in the presence OI H6.

Mutations

OT the reg A gene OT T4 including SP62 and R9 hyperproduce
certain T4-induced proteins as a result OI a Iunctional
stabilization of mRNA (Wiberg et al., 1973; Karam and Bowles,
1974).

This has been demonstrated by experiments in which

the drug rifampin (diMauro

et al., 1969) was used to arrest

mRNA synthesis in infected cells, and the rate of decay In
protein-synthesizing capacity of the mRNA made prior to drug
addition was subsequently measured.

To look into the

possibility that the hyperproduction of the 44- and 62proteins with H6 was caused by increased mRNA stability,
functional decay OI mRNA was measured in experiments similar
to those used Ior R 9.

Comparisons were made between R 9, H6,

and their wild-type counterparts using phage stocks that were
32-42-rIIB-.

Figure 16 shows an autoradiogram from an

experiment that utilized mutants carrying a normal gene 44.
Comparison of the band densities Ior the 44-protein in the
infections involv'ing H6 and R9 showed that both mutations
resulted in hyperproduction of the 44-protein.

However,

quantitation OI the 44-protein as shown in Figure 17a and
Table 10 revealed that it decayed approximately twice as Iast
with H6 as with R9.

The rate of decay in 44-protein syn-

thesis in the absence of the R9 and H6 mutations, which was
estimated by tracing an autoradiogram that had. a long
exposure time, appeared to be similar to that obtained with
H6.

Additionally, Figure 17b shows the difIerence in decay

rates betwe.e n R9 and H6 Ior the amE4408 protein fragment
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Figure 16.

Decay OI protein synthesizing capacity in

T4-infected cultures treated with riIampin.

E. coli BE cells

0

were inIected at 42 C with T4 strains carrying the mutant

respectiv'ely.

RiIampin was added at 6 minutes aIter

inIection to yield a Iinal concentration OI 200 p, g/ml.
The protein synthesizing capacity OI the pre-Iormed
mRNA was measured by pulse-labeling the riIampin-treated
culture with 14C-labeled amino acids at 3-minute intervals
following addition OI the drug.

Extracts of the inIected

cells were prepared and subjected to electrophoresis on a 10%
polyacrylamide gel a 's described under "Methods" (pp. 33-43) .
The amounts of trichloroacetic acid-insoluble 14C-radioactiv'ity in the 20 fl l samples OI extracts subjected to
electrophoresis are giv'en below:
Relevant Genotype
Pulse Time
AIter Rifampin
Addition (Min)

+/ +
cpm

a

+/H6

+ /R9

cpm

cpm

b

3-6

5.0

6.0

12.0

6-9

3.8

3.3

8.5

9-12

2.3

1.8

6.0

12-15

1.0

1.3

4.3

a AII mutants were amA453/amN122/rUV375
(32-42- rIIB-) .

o·

-

Counts per minute x 10

-4

.
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Figure 17.

Decay of 44- and IPIII-protein-

synthesizing capacities in the experiments that utilized the
drug rifampin.

The procedure for densitometric tracing of

autoradiograms is giv'en under "Methods" (p. 42).

Va lues

were expressed relativ'e to the initial v'alue for each protein
and mutant.
Figure

(a) 44-protein and (c) IPIlI-protein from the

16 autoradiogram; (b) amE4408 fragment and (d) IPIII-

protein from an experiment using phage stocks carrying
amE4408.
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90
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(autoradiogram not shown).

The amount of amE4408 fragment

synthesized in the absence of hyperproducer mutations was too
low to permit accurate measurement ev'en with long exposure
times.

Figures 17c and d compare the decay curv'e s for the

IFIll-protein for each of the infections shown in Figures 1 7a
and b.

The rates of decay In IPIII synthesis were similar

for all infected cultures.
TABLE 10
APPROXIMATE HALF-LIVES OF 44- AND IPIIl-PROTEINS
WITH H6, R9, AND +/ +

t1 in mln (approximate)
"2

44-Protein

amE4408-fragment

IPIIl-Protein

R9

11

•• •

8

H6

5

· ..

7

+/ +

5

•••

6.5

amE4408/R9

. ..

9

8

amE4408/H6

. ..

5

8

NOTE:

Data deriv'ed from Figure 17.
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Mapping of H6.

The location of H6 relativ'e to genes

45, 43, and the gene 44 mutation amE4408 was determined by
four-factor crosses the results of which are shown in
Table 11.

Progeny from each cross were analyzed for the

frequency of occurrence of the amE4408/+ single mutant
recombinant which could be detected due to its temperaturesensi ti v'i ty on E. coli H4.

All amE4408/+ suspects were

confirmed by checking their genotype using complementationspot tests ("Methods" pp. 25-26) against amE4408 (gene 44-),
amEl0 (gene 45-), and amE4332 (gene 43-) and rechecking for
o
growth on E. coli H4 at 42 C.

Because of the low frequency

of amE4408/+ recombinants, which reflects the short map
distances inv'olv'ed, data from three sets of crosses was
pooled in Table 9 to giv'e sufficient numbers to be
signiIicant at the 95% lev'el.

An F test based on a Poisson

distribution was used to determine statistical significance
between crosses.

[ The statistical analysis was carried out

following consultations with Dr. Robert Small, Department of
Biometry ,Medical Uni v'ersi ty of S . C., to whom I
grateful. ]

am

The following observ'a tions can be made from the

data in Table 11:

TABLE 11
MAP POSITION OF H6

Cross

No. of
plaques
analyzed

No. of
arnE 44 08/+
single
mutants
isolated

Frequency (%)
of
amE4408/+

Frequency (%)
o:f
+
am recombinants

2370 (3)a

9

0.38%

4.1 -t 0.42 b
+
5.1 - 0

A.

~4408/H6

B.

amE4408/H6 x arnE4332

1802 (2)

17

0.94%

C.

amE4408/H6 x + / +

1947 (2)

19

0.98%

x arnE10

.. .

aNumber in parentheses represents the number of times the cross was performed.
bStandard error of the mean--Burst sizes were between 160 and 300.
performed as described under "Methods" (p. 25).

Crosses were

'-0
\..),)

94
(1) H6 is located closer to amE4408 than

either amE10 or

lS

amE4JJ2:
amE4408

H6

x

x

>

A

<

4.1%

x
amE10

amE4408
B

H6

x

<

x
5.1%
>

x
. amE4JJ2

c

amE4408

H6

x

x

<:

0.98%
>

+

+
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(2) H6 lS located to the right- or clockwise-side of amE4408:
amE4408

H6

x

x
0.38%

A

amEl0

amE4408

H6

1E
B

X

-E

0.94%
~

X
arnE4332

amE4408

c

<

H6

x

X
:>

+

+

The lower frequency of occurrence of the amE4408/+ recombinants in cross A than in crosses B or C indicates that
H6 is located in a position requiring a double crossov'er to
yield this recombinant from cross A while only a single
crossov'er is required in crosses Band C.

Conclusions and Discussion
H6 was isolated as a spontaneous mutation that
enhanced the growth of amE4408, a leaky nonsense mutant of
gene 44.

The outstanding characteristic of its phenotypic

expression was pronounced hyperproduction of the 44- and
62-proteins occurring both early and late In infection.

The

fact that H6 was cis-dominant indicated that no diffusible
protein was inv'ol v'e d in producing this effect ; additionally,
its map position between genes 45 and 44 placed it in a
region of the chromosome too narrow to accomodate a structural gene.

These observations suggested that H6 represented

spontaneous mutation of a site on the DNA resulting either in
(1) more efficient translation of the mRNA from genes 44 and
62 or in (2) more efficient transcription of genes 44 and 62.
The first case would require that 44-mRNA be synthesized
early in infection as it is in the absence of H6 and somehow
remain av'a ilable for efficient translation throughout infection.

The second case would require that the altered promotor

be recognized and the DNA be efficiently transcribed by RNA
polymerase throughout the infection cycle.
The distinction between a primary increase In translation and an increase secondary to increased mRNA availability is difficult to make.

An indirect distinction can be

made based on data showing that the 44- and 62-proteins
continued to be synthesized at late times in infection with
H6 (Figures 12 and 1J) which would require that 44- and 62mRNA . be present.

The fact that the 44-mRNA did not appear
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to be abnormally stable (Figures 16 and 17) would argue that
H6 must continue to synthesize 44 mRNA during late times in
infection.

Whether the experiment measuring

ru~NA

stability

reflects actual mRNA degradation or some other process of
mR,NA inacti v'a tion, protein-synthesizing capacity of 44-mRNA
does decay with both wild-type and H6.

This decay in

protein-synthesizing capacity is not compatible with synthesis
of 44-protein throughout infection unless 44-mRNA is also
synthesized throughout infection.

Similarly, since the

syntheses of 45-protein in the presence of H6 is comparable
to wild-type both in timing and in amC)unt (Figures 12 and 13),
it would seem more likely that H6 represents an alteration
In the kinetics of synthesis of 44- and 62-mRNA than in
'increased translation of 44- and 62-protein from either a
45-44-62 or a 44-62 polycistronic mRNA.
The effect of H6 on synthesis of 44- and 62-mRNA
could be the result of either (1) the creation of a new,
highly efficient promotor for genes 44 and 62 or (2) alteration of an existing promotor allowing increased lev'els of
44 a,n d 62 mRNA to be synthesized.

Bruenn and Hollingsworth

(1973) hav'e reported the isolation of an E. 'coli mutant that
synthesizes twenty-fiv'e times as much lac-mRNA as the wildtype.

This mutation maps within the structural gene for

lac repressor (Bruenn and De Lucia-Curtin, 1975) and appears
to be the result of a single base change or a small insertion
Slnce the properties of the lac repressor protein are not
altered appreciably by it.

The existence of internal
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promotors of' low efficiency has also been reported by
Bauerle and 'M argolin (' 1967) and NIorse and Yanofsky (1968)
within the t ryptophan operons of S. '!'yphimurium and E. coli,
respectively.

Either a natural promotor for a second mode

of transcription or an internal promotor located near the
beginning of gene

44

could explain the result reported In the

previous section where it was shown that translational
polarity of a gene
genes

44

45

nonsense mutation on expression of

and 62 was very weak.

However more information on

the patterns of' RNA synthesis from genes

45, 44,

and 62,

under both normal and mutant conditions, is needed in order
to speculate further on the actual nature of the H6 alteration.
A second question concerns how the abnormal promotor
represented by H6 continues to be recognized throughout
infection.

Since it is

thought

that the temporal order of

T4 gene expression results from Changing promotor specificities OI the RNA polymerase during infection, two possibilities exist for continued recognition of the H6 site:
(1) The abnormal promotor may be recognized by several
different modif'ications of RNA polymerase throughout infection and (2) the abnormal promotor may not be shut-off at the
proper time and would continue to be transcribed by residual
RNA polymerase specific for it.

O'Farrell and Gold (1973a)

hav'e suggested that the switch-over =from early to late
protein synthesis, =for example, occurs as a result of late
mRNA becoming av'a ilable and competing wi th early mHNA =for
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the protein synthesizing apparatus.
and Hercules

Additionally, Sauerbier

(1973) hav'e suggested that shut-off of early

protein synthesis is an activ'e, protein-mediated process but
that it occurs at the post-transcriptional level through
selective degradation of mRNA species.

The fact that no

actual transcriptional shut-off mechanism has been described
ln connection with temporal gene expression in T4 would seem
to imply that regulation o:f both transcription and translation in T4 could be controlled at the transcriptional lev'el
by the kinetics of RNA polymerase modification.

Experiments

to show (1) if H6 can be recognized by different forms of
modi=fied RNA polymerase in vitro and (2) if, at any glven
time, all RNA polymerase molecules are identical or if only
a fraction lS modified while some residual number remains
unmodified would prov'ide valuable information on the regulation of T4 gene expression.
As noted on page 78, the effect of H6 on the amount
of 44-protein synthesized appeared to be more pronounced at
42 0 than at

30 o e.

This mayor may not be peculiar to the H6

.
(1) t he ov'e rall level of 14 e-amlno
··
·
mu t a t lon
Slnce
aCl d
incorporation in T4 varies with temperature (Figure 3) and
(2) transcription and translation rates for sev'eral proteins
in E. coli, =for example, hav'e been shown to be temperaturedependent (Rose, Mosteller, and Yanofsky,

1970).

Because of

the small amounts of 44-protein present in wild-type
infections at both temperatures, a dif:ference in the
increment of change with temperature between H6 and wild-
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type could not be detected under the conditions used.

The

apparent increase in 44-protein synthesis at 42°C with
H6 may ref'lect simply an increased amount of' 44-mRNA av'a ilable
for translation when H6 is present.
There are sev'eral questions about H6 that remain
unanswered.

Perhaps the most usef'ul information would be

data on the actual synthesis of' mRNA in the presence and
absence of' H6.

An indirect comparison that can be made would

be to measure the rates of )H-uridine incorporation into RNA
between mutants carrying H6 and without H6.

This result

would depend on the ability to measure the increment in total
RNA synthesis due to increased RNA production for only two
genes, genes 44 and 62.
small.

The increment is probably quite

Further studies depend on the isolation of' specific

mRNA species and examination of their properties.

Hybridi-

zation studies are OT only limited v'alus in this regard
because such analysis requires the use of phage DNA deletions
involving essential genes.

No such deletions are known.

Possibly gel electrophoretic assays could be used for
separation OT RNA species extracted f'rom T4-inf'ected E. coli
with in v'i tro protein synthetic assays being used to study
the translation of the isolated species.

Such assays, uS1ng

H6, could be useful 1n determining (1) whether H6 actually
hyperproduces 44-62 mRNA compared to wild-type,

(2) a

tentative identity of the 44-62 mRNA (iT hyperproduction 1S
obv'ious),

(3) the feasibility of' isolating individual mRNA spe-

cies for 1n vi tro translation, and (4) whether one or two
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types of RNA encode the 44 and 62 proteins.
SUNM~RY

Regulation of expression of T4 prereplicativ"e genes
45, 44, and 62 has been examined by using SDS-polyacrylamide
slab gel assays to analyze the protein products synthesized
in T4-infected E. coli at various time intervals after infection.

Two approaches were used:

(1) Characterization of a

mutation (H6) that affected expression of only genes 44 and
62 and (2) Assay of cotranscription of the three genes using
the criterion of translational polarity.

The following

characteristics of H6 suggested that it might be a promotor
mutation:

It mapped between genes 45 and 44, was ClS-

dominant, did not affect stability of either 44-protein or
44-mRNA, and did not affect the temporal order of T4 gene
expression except that it appeared to cause continued
expresslon of genes 44 and 62 throughout the phage growth
cycle.

Demonstration that different degrees of translational

polarity existed for nonsense mutations of genes 45 and 44 on
expression of the adjacent gene suggested that genes 45, 44,
and 62 might be transcribed in two modes no rmally:

one mode

being initiated at a promotor for gene 45 and a second mode
being initiated at a gene 44 promotor.

Thus, H6 might

represent mutation of a naturally-occurring promotor to
increased efficiency.
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